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Introduction
During the past few years, the primary mission at the U.S. Department of Energy's (DOE'S) Hanford Site has changed fiom producing plutonium to restoring the environment. Large.volumes of high-level radioactive wastes (HLW), generated during past Pu production and other operations, are stored in underground tanks on site. The current plan for remediating the Hanford tank farms consists of waste retrieval, pretreatment, treatment (immobilization), and disposal. The HLW will be immobilized in a borosilicate glass matrix; the resulting glass canisters will then be disposed of in a geologic repository. Because of the expected high cost of HLW vitrification and geologic disposal, pretreatment processes will be implemented to reduce the volume of borosilicate glass produced in disposing of the tank wastes.
The baseline sludge pretreatment flowsheet involves retrievingthe sludge by sluicing and pumping with inhibited water (0.0 1 M NaOWO.0 1 washing the sludge with inhibited water to remove the added NaOH and the components dissolved during the caustic leaching step. The retrieval, leachate, and wash solutions will be combined and processed to remove I3'Cs (and possibly other radionuclides). The decontaminated solution yill then be routed to the low-level waste (LLW) stream, where it will be immobilized in a glass matrix. The leached solids, which will contain a large fraction of the transuranic (TRU) elements and %, will be immobilized in a glass matrix for deep geologic disposal along with the radionuclides removed fiom the wash andleach solutions (Orme 1995) .
NaNOJ, leaching the sludge with hot caustic (3 M NaOH), then
Recently, DOE has been considering "privatizing" certain aspects of the Hanford tank waste remediation effort. The technical baseline for privatization has recently been described by Orme et al. (1996) . The . privatization effort is to take place in two phases. Phase 1 will serve to demonstrate the privatization .
concept. In Phase 1, two private contractors will process a relatively small amount of tank liquid into a LLW glass forin. Also, one of the contractors might process some HLW sludge into borosilicate glass. In Phase 2 of the privatization effort, one contractor will be charged with processing the remaining Hanford tank wastes into both LLW and HLW forms. Under the current technical baseline, the sludge solids fiom Tank C-106 are scheduled to be processed in Phase 1 (if HLW immobilization is included in Phaie 1 ) .
In support of the Phase 1 privatiztion effort, the Pacific Northwest National Laboratory (PNNL) has undertaken an effort to provide both Phase 1 contractors with a sample (-100 g) of Tank (2-106 sludge solids for vitrification testing. Ideally, these solids would meet the "Envelope D" specifications set forth in the Hanford privatization request for proposals (DOE-RL 1996) . To determine ifwashing with dilute hydroxide solution or a combination of caustic leaching and dilute hydroxide washing would yield solids within the Envelope D specifications, a laboratory-scale (-15 g) screening study was performed on the C-106 sludge' solids. The results of this test were then used as a basis for scaling-up the process to get enough material to supply to the private contractors. This report summarizes the results of the laboratory-scale screening test; a . description of the larger bench-scale preparation will be reported separately.
The key process in the baseline sludge pretreatment flowsheet is leaching the sludge with caustic.
Caustic leaching is expected to remove a large fraction of the AI, which is present in large quantities in Hanford tank sludges. The AI will be removed by converting aluminum oxideshydroxides to sodium ' aluminate. For example, boebmite and gibbsite are dissolved according to the following equations (Weber 1982 ).
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A significantportion of the P is also expected to be removed fiom the sludge by metathesis of water-insoluble metal phosphates to insoluble hydroxides apd soluble N%PO.,. An example of this is shown for i r o n 0 phosphate in the following equation.
Similar metathesis reactions can occur for insoluble sulfate salts, allowing the removal of sulfate fiom the HLW stream.
Caustic leaching of Hatford tank sludges has resulted in enhanced Cr dissolution when compared to simply washing the sludges with dilute hydroxide solution. This might be caused by the increased solubility of C r 0 at high hydroxide concentrations (Rai, Sass, and Moore 1987) . The increased solubility of C r O at high hydroxide concentration is due to tlje formation of the tetrahydroxochromium@I) anion.
However, recent studies conducted in our laboratory have suggested the behavior of Cr in the caustic leaching process to be more complex In particular, the Cr dissolved during caustic leaching of actual tank wastes is invariably present as C r O , suggesting the caustic leaching mixture is somewhat oxidizing. Also, studies of the behavior of C r O in 3 MNaOH have indicated that C r o forms stable solutions at room temperature, but the C r O tends to precipitate when the alkaline solution is heated.
Results of previous studies of the baseline Hanford sludge washing and caustic leaching process have been reported Gumetta and Rapko 1994; Rapko, Lumetta, and Wagner 1995 , Lumetta et al. 1996 , Temer andvillareal 1995 ,1996 .
Experimental
The materials and methods used in the C-106 sludge washing and caustic leaching screening tests are discussed in this section.
Materials
The C-106 sludge material used in this study was obtained from Westinghouse Hanford Company (WHC) in late June 1996. The 17 samples delivered to PNNL were "grab" samples rather than core samples; thus, the material used in this study represents only the very top portion of the sludge. Each individual sample was homogenized with a high speed mixer using an ice bath to control the temperature of the samples during homogenization. Twelve of the 17 homogenized samples were transferred to a 2-L carboy until the carboy was approximately gv&g a 1.5-L batch of material. This batch was homogenized by stirring for approximately 15 minutes with a mechanical stirring motor and a Teflon@ stirring rod. Approximately 750 mL of the composite material were !ransferred to a 1-L jar, and the remaining five homogenized samples were transferred to the carboy where they were composited by the same procedure as the previous samples.
In order to prepare a homogeneous composite, a series'of cuts were made between the l-L jar and the 2-L carboy with stirring between each cut. The entire composite sample was then split between the l-L jar and 2-L carboy. A 15-g aliquot of the composited sludge was taken forthe lab-scale sludge washing and caustic leaching test.
Leach and wash solutions were prepared using reagent grade NaOH and NaNO,. The concentrations of the NaOH solutions were confirmed by titration with standard HCl.
Testing Procedure
A standard sludge washing and caustic leaching procedure was used for the C-106 screening test; this standard procedure has been described elsewhere (Lumetta et al. 1996) . The only deviation from the standard testing method was that the w a s h g or leaching mixtures were not centrifuged before decanting the liquid (a suitable centrifuge was not available in the hot cell for this task). Thus, solutions were decanted following gravity settling. Figure 2 .1 provides the details of the C-106 test in schematic form.
Analytical Methods
Portions of the C-106 sludge were analyzed before and after the sludge washing/caustic leaching treatment. The solid samples were solubilized for analysis by KOH and sodium peroxide fusion methods.'" The sodium peroxide fusion alIowed for the determination of K and Ni, and also gave a duplicate analytical through both fusion methods. The dilute hydroxide wash @2), the first (E) and second 0 caustic leach, and the final wash (G) solutions were also analyzed. The major metallic elements (AI, Bi, Cr, Fe, Na, etc.) as well as P and Si were determined by inductively coupled plasma/atomic emission spectroscopy .
. result for other sludge components. The mean values are reported for those components determined * (a) Methods used were &om the Anahtical Chemistry &aboratory (ACL) Procedure Compendium. PNL-MA-599.
Analytical Chemistry Laboratory Department. Pacific Northwest National Laboratory, Richland, W a s h i n g t o n .
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(ICP/AES). k o n s were determined by ion chromatography. Alpha spectroscopy was used to determine the TRU elements, and gamma spectroscopy was used to measure the gammaemitting radionuclides. Uranium concenpations were determined by laser fluorimetry. A proportional beta counter was used to determine %r and Q*rc after chemical separation of these isotopes from the other radionuclides.
Established procedures were used for all these ana lyse^.'^) I Particle-size measurements were made using a Microtrad Xl00 particle-size analyzer (Leeds & Northrup, North Wales, Pennsylvania) with the particles being slurried in water for the measurement.
Free hydroxide concentrations in the caustic leach solutions were determined by titration with standard HC1, as described previously (Rapko, Lumetta, and Wagner 1995) .
The transmission electron microscopy (TEh4) samples were prepared by dispersing a drop of the solids slurry on TEM copper grids covered with carbon films. This work was performed on a JEOL 1200 analytical TEM operating at 120 kV. The analyses proceeded as follows: 1) the morphology, distribution, and sizes of particles were evaluated by electron imaging, 2) the chemical compositions of the particles were identified by electron diipersive X-rgy spectroscopy (EDS), 3) the crystal structures of the particles were studied by electron diffraction, and 4) the diffraction patterns were compared with the JCPS-EDD Data Bise published by the International Center for Diffraction Data. 
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Results
Data obtained from the C-106 sludge washing and caustic leaching screening test are presented in this section.
Simple Sludge Washing with 0.01 M NaOH
Tables 3.1 and 3.2 show the results of the simple washing portion of the C-106 experiment (washing of portion Bl). Analysis of the untreated sludge solids (portion B) by ICP/AES revealed the following major components of the sludge: Na (23 wt%), Fe (7.6 wt%), Al(4.8 wt%), Si (3.8 wt%)), Ca (0.26 wt%), Pb (0.22 wt%), P (0.21 wt%), Mn (0.19 wt%), and U (0.17 wt%). For Na, Fey Al, and Si, the mass recoveries during the simple washing portion of the test were within 5%. For the other nonradioactive components, the mass recoveries were lower, probably due to greater uncertainties in analyzhg for these less abundant components.
A sigaificant fraction of the Na (18%) remained in the sludge solids after washing with dilute hydroxide solution, indicating that this fiaction of the Na is present in chemical forms that are not water-soluble, such as sodium aluminosilicates. This hypothesis is supported by the fact that little Al (24% removal) or Si (0% e removal) were removed during the simple washing process. Little Cr (2%) was removed by simple washing, but the Cr content of this waste was not particularly high (0.06 wt%). Although mostly removed, a large fiation (34%) of the P remained in the washed solids. As expected, Fe is insoluble.under the conditions of the dilute hydroxide wash. The behavior of anionic components will be discussed in Section 3.2, as they relate to the caustic leaching results. Table 3 .2 summarizes the behavior of the radionuclides during simple washing of C-106 sludge. Washing removed I3' Cs and 9pTc appreciably, but none.of the other radionuclides. Unfortunately, the T c detection limit for the analysis of the washed solids was somewhat high; thus, it could only be concluded that > 32% of the Tc dissolved.
Caustic Leaching
Tables 3.3 through 3.9 summarize the results of the C-106 caustic leaching test. Table 3 .3 shows the concentrations for the nonradioactive waste components in each process stream and the mass of each component dissolved in each process step. Mass recoveries (Table 3 .4) for most of the important sludge constituents (Na, Fey h, Si, Ca, and Pb) were w i t h i n 20%. Mass recoveries for P and U were somewhat high, while that for Mn was somewhat low. Table 3 5 shows the concentrations of the anionic components in the various process solutions. As expected, significant amounts of NO; , NO;, and POP were detected in solution, although the amount of soluble NO; was considerably less than that generally seen for Hanford tank wastes. Additionallyy a fair amount of SOP w g detected The amount of SOP found in the first caustic leach solution was approximately (within 13%) the same iis that found in the simple wash solution when normalized to the initial amount of sludge solids used Thus, caustic leaching removed little or no additional S O : -. The total extent of S O : removal could not be determined becauie the sludge solids were not analyzed for this component.
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The data in Table 3 .6 indicate a significant increase in theamount of Al removed by caustic leaching compared to dilute NaOH washing, but the overall Al removal (47%) was still poor. The amount of Cr 3.1 removed was also improved by caustic leaching, with a total of 32% removed by caustic leaching compared to 2% by simple washing. The amounts of Al and Cr'dissolved in the first leaching step were greater than in the second limhing step. Given the much lower concentrations of AI and Cr in the second leach solution compared to the brst, it is unlikely that solubility limited the removal of these components. No significant improvement in P removal was seen in performing the caustic leach compared to simple washing.
Of special note, a significant amount of Na remained in the treated solids. .The amount of Na in the leached solids was 39% of that originally in the sludge solids. Only24% of the Na in the treated solids could be attributed to Na in the interstitial liquid before drying the residue; thus, apparently one or more insoluble .
Na-containing species were present after leaching. As discussed in Section 3.1, simple washing removed 82% of the Na fiom the C-106 sludge, which is about 20% more than in the caustic leaching test. It is not clear whether this is due to analytical uncertainty or to an actual chemical effect (such as formation of sodiuh aluminosilicates) during caustic leaching.
Tables 3.7 through 3.9 summarize the radionuclide behavior during the caustic leaching test. Good mass recoveries (Table 3.8) were obtained for most of the radionuclides; the exceptions were 241Am as determined by gamma spectroscopy and l' Eu. For the latter two radionuclides, the mass recoveries were somewhat high. As was observed with the simple washing case, ' "Cs and 9pTc were the only radioactive materials significantly solubilized during the caustic leaching test The amount (40%) of 137Cs r e m a k g in the solids after leaching is unusual. As the solids are to be handled as HLW, the retention of 137Cs in the solid phase is a desirable feature. The dissolution of 99Tc is consistent with this element being present in a soluble form, such as pertechnetate. Table 3 .10 and Figures 3.1 and 3 .2 present the settling data from the two caustic leaching steps and the final three washing steps. Generally, the solids settlkd at reasonable rates. Comparison of the maximum observed settling velocities ( v a indicated the settling was slower during the caustic leaching steps compared to the washing steps; this was likely due to the higher viscocity of the leaching solutions. The settling data were normalized according to a firmula recommended by personnel at WHC.' " The normalized settling data ' (Figure 3.2) indicated that the settling behavior was very similar for the leaching steps and the three washing steps.
Settling and Particle-Size Data
Particle-size data for the untreated and treated sludge solids are presented in Figures 3.3 and 3.4 , respectively. In terms of the number distribution, the mean particle size changed very little upon treatment, going fiom 0.19 to 0.24 pm. However, based on the volume distribution, the mean particle size decreased fiom 10.6 pm before treatment to 5.6 pm after treatment. (b) Solid, wcrc prepared for malyair by bothKOH andN401 fualon mcthoda; meon Vatuca BIC glvcn for d y t e a that can be dctcrmlocd by both these mcthoda.
and2) the concentratlooof the d y t c waa tbc detcctlonllmlt. ?hla ylclded tbc ranger of valuea glvcnlnthe total maaa lad concentration columna.
"he exceptions to this were AgandP. For Ag, the values obtaincdby the NaaOa fusionmethod were consistently lower thanthose obtainedby the KOH fusion, suggesting incomplete Ag dissolution in the NaaQ fusion method. Thus, only the KOH fusion values were used for Ag. In the case of P. highvalues were obtnined in the preparation blanks for the KOH fusions; for this reason, only the P values obtained from the NmOa fusionmethod were used these high blankvalues contributed to the uncertainty associatedwiththe Ca analysis.
(c) "he calcium concentrations in the fusion-preparation bl& were quite high. Although the blank valuer were rubrected from the memured vplues for the sampler, (a) Value adjustedfor the Na added as 0.01 MNaOH.
(e) Analysis of a laboratory control sample (SRM2710. NIST 'Montana Soil') for the fusion preparations resulted ino highNi value, indicating possible contamination in the control sample or a memory effect or curry-over ofNi from &lysis of KOH fusion preparations. In any case. these cffeck might have olio caused a higher
Ni value for the untrekted material, leading to a low mass balance. ' .
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. W L a and2) the concentration of the ~a l y t c wm the &don limit. This yielded the ranges of values given in the total mass column.
carried over from the previous step. 1) the concentration of the d y t e was zero, and 2) the concentration of the analyte was the detection limit. 'Ihis yielded the concentration ranges given here. @) Value determined by summing the amount of a &en conrpo~lent in the caustic leaching solutions, the subsequent washing solutions, and the leached solids; the total concentration pas then determined by dividing the sum by the amount of solids used.
(c) See footnote (b) in Table 3 .l.
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. I and 2) the concentration ofthe analytc wee the detection limit. This yieldcdthe ranges of values given in the total activity column. (a) Less-than values indicate the analyte was below the detection limit in one or more of the process streams. In such cases, two conditions were considered 1) the concentration of the analyte was zero, and 2) the concentration of the analyte was the detection limit. "his yielded the concentration ranges given here. (b) Value determined by summing the amount of a giwn component in the caustic leaching solutions, the subsequent washing solutions, and the leached solids, the total concentration was then determined by dividing the sum by the amount of solids used.
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Microscopy Studies
'
Samples of the untreated C-106 sludge solids and the solids remaining after caustic leaching were examined by TEM coupled with EDS and electron diffraction. The EDS spectrum taken , over a large sample area indicated the dominant elements in the untreated solids to be Na, Al, Si, and Fe (Figure 3.5) . This result was consistent with the ICP/AES result (Section 3.1). Aluminum was present as both amorphous aluminum hydroxide and as amorphous aluminosilicate; some Fe appeared to be associated with the aluminosilicate species (Figure 3.6) . After leaching, Fe was the predominant element evident in the large sample area EDS spectrum (Figure 3.7) . The Fe was present as FeOOH in both highly crystalline and poorly crystalline forms (Figure 3.8) . The Al remaining after leaching existed predominantly as amorphous aluminosilicate (Figure 3.9) .
Crystalline silver oxide particles ( c o n f i i e d by the diffraction pattern) were observed along with poorly crystalline 2 3 0 2 in the leached residue (Figure 3.10) . 
Discussion
The implications of the experimental results presented in Section 3.0 to the processing of Hanford tank sludge are discussed in this section.
Comparison of Sludge Composition to Envelope D Specification
The objective of the C-106 sludge washing and caustic leaching screening test was to determine ifthe washed or leached solids met the Envelope D specifications laid out in the TWRS privatization request for proposals (DOE-RL 1996) . Table 4 .1 compares the composition of the simple-washed sludge and the caustic leached sludge to the Envelope D specifications. With the exception of Sn, all of the components were present in quantities below the Envelope D specifications for both the washed and leached material. Tin was significantly over the Envelope D specification for the leached solids, but high detection limits for this element did not allow for a determination of whether the simple washed solids were withing the specification.
For the washed material, Al, Fey Na, and Si were all within 50% of the Envelope D limits. Caustic leaching moved AI and Na somewhat farther fiom the limit, but Fe and Si became slightly more concentrated.
Envelope D also specifies mi ni mum concentrations for AI (1.3 a), Fe (2.6 &) , Na (2.3 a), and Ni (0.05 6). These specifications aie based on 3 1 g of waste oxides per liter; the data in Table 4 .1 need to be compared on this basis. The leached sludge material contained an estimated 0.77 g oxiddg of dry solids, so 40.3 g of dry solids/L are needed to get 31 g oxid&. Assuming the density to be 1 g / d , the minimum concentration specifications can be converted to a g/g solids basis by dividing by 40.3. Table 4 .2 compares the resulting minimum concentration specifications to the actual concentrations. In all cases, the minimum concentration specifications were met for Al, Fey Na, and Ni.
Comparison of C-103 and C-106 Caustic Leaching Results
. + Colton (1996) has recently estimated how efficiently washing and caustic leaching are expected to remove various components fiom the Hanford tank sludges. These estimates rely on extrapolating experimental data fiom tank sludges tested in the laboratory to tanks containing similar waste types (for which no experimental data are available). Because these estimates are used for flowsheet planning, it is of interest to compare experimental results between tanks that contain similar types of waste. Such a comparison for the first 24 tanks investigated has been recently discussed (Lumetta et al. 1996) .
Tanks C-103 and C-106 are considered to contain similar types of waste (Hill, Anderson, and Simpson 1995) ; thus, it is informative to compare the experimental results from these two tank sludges. presents such a comparison. The Al content of the C-103 sludge was about 3-fold higher than for the C-106
sludge, but the Al remov,al efficiencies were nearly identical (-48%). The C-103 sludge had slightly more P than the C-106 sludge, but the fiaction removed by caustic leaching was nearly identical (-67%). More variability was seen for Cr removal-11% removed.fiom C-103 and 32% removed from C-106. Also, the Cr content of the C-103 sludge was slightly higher than the C-106 sludge. Nevertheless, the experimental results fiom these two tanks agree quite well.
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